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INTRODUCTION
Every economist knows that gross domestic product (GDP) is an inaccurate measure of human welfare. Its proponents will point out that GDP is correlated positively with many dimensions of human welfare and is therefore a reasonable proxy for the things society cares about. However, in the case of the natural environment, that correlation is far from perfect. In fact, an increase in economic activity is often associated with a decrease in environmental quality. Air pollution in the booming cities of developing Asia is a clear case in point.
Environmental economists have therefore devised green alternatives to the traditional macroeconomic indicators, which begin to reflect the state of the environment in the national accounts (World Bank 2013) . The new indicators are derived from the notion of sustainable development, defined by the World Commission on Environment and Development (1987) as "development which meets the needs of current generations without compromising the ability of future generations to meet their own needs." For economists, sustainable development means that the total stock of productive capital in an economy-physical, human, and natural-must remain constant over time.
The pursuit of green growth is a direct response to these insights. Its aim is to increase economic activity while protecting natural assets for future generations to survive and thrive. More so than sustainable development, green growth emphasizes the possibility, indeed the desirability, of pursuing economic growth and environmental protection at the same time (Jacobs 2012) . It gained prominence in the aftermath of the 2008 financial crisis as a response to the perception that economic recovery should take precedence over environmental preservation. Green growth proponents countered that the two must in fact go hand in hand (Bowen and Stern 2010; Barbier 2010) . They can point to a global green economy that is rapidly expanding and performing stronger than many conventional sectors. However, commentators also point out the radical policy shifts that are required to make green growth a reality (Bowen, Duffy, and Fankhauser 2016) .
Asian countries have been among the first to understand the potential of, and the need for, green growth. The Republic of Korea passed a framework law on "low-carbon green growth" in 2009. The People's Republic of China (PRC) has made the promotion of key green economy sectors, such as clean transport, a strategic objective of its 5-year plans (Townshend et al. 2011) . These are deliberate attempts to position Asian economies at the forefront of the emerging green economy. This paper explores the potential for green growth in Asia. Asian countries are well positioned to prosper in the green economy. As we set out in the following, Asia is already performing well in an international context. Asian countries are among the world's leading producers of green goods and services. They have significant comparative advantages in key technologies, such as energy storage, and they are strong innovators in areas such as biofuels, nuclear technology, and clean transport. However, further policy incentives will arguably be needed to realize this potential.
For data reasons, the paper focuses on one particular aspect of green growth: low-carbon growth. The business of reducing greenhouse gas (GHG) emissions is probably the most prominent aspect of green economic growth to date. However, it is worth emphasizing the comprehensive nature of green growth, which is not just low carbon, but also climate resilient, biodiverse, clean, and sustainable (Bowen and Fankhauser 2011) .
The paper is structured as follows. Section II reviews the economic literature on green growth and defines the concept. Section III provides estimates of the size of Asia's low-carbon economy today. Section IV sets out the opportunities and threats for low-carbon growth in Asia in the future. Section V sets out the policy interventions required to realize these opportunities. Section VI concludes.
II. WHAT IS GREEN GROWTH?
This section provides a definition and sets out the rationale for green growth. It covers relatively recent literature, and many of the assertions made about the mechanisms and benefits of green growth are awaiting further empirical corroboration. Nevertheless, they are presented here to highlight the most up-to-date thinking in the field.
A. Definition and Rationale
Green growth proponents have a common worldview that it is possible to be green and to grow at the same time. Beyond this shared expectation, there are nuances in emphasis and interpretation. Jacobs (2012) distinguishes between a "standard" interpretation of green growth, which emphasizes the longrun economic benefit of environmental protection and the bolder assertion that environmental policy can be a driver for growth.
Returning to the basic tenets of sustainable development, Bowen and Hepburn (2014) define green growth as an increase in economic activity in the long term, and possibly short term, without reducing aggregate natural capital. Other definitions of green growth acknowledge the importance of alternative measures of progress such as welfare, quality of life, and resilience to extreme weather events. 0 shows how different institutions have defined green growth. Low-carbon green growth is a pattern of development that promotes growth through the creation of new environmentfriendly products, industries, and business models that also improve people's quality of life.
Organisation for Economic Co-operation and Development (OECD)
Economic growth and development that ensures natural assets continue to provide the resources and environmental services on which our well-being relies.
World Bank Growth that is efficient in its use of natural resources, clean in that it minimizes pollution and environmental impacts, and resilient in that it accounts for natural hazards and the role of environmental management and natural capital in preventing physical disasters. And this growth needs to be inclusive.
The concept of green growth is not uncontroversial. Some argue that there is no evidence that economic activity and environmental pressure can be comprehensively decoupled (Jackson 2011; Klein 2015) , while others argue that the historical record of increasing resource use with GDP growth is not necessarily a guide to the future and that some forms of environmental damage have slowed with increased income levels (Bowen and Hepburn 2014) .
The theoretical arguments in favor of green growth are anchored in three key notions: the need for natural capital preservation, the dynamic externalities of (clean) innovation, and the economic benefits of correcting market failure. The argument is that green policies can preserve valuable stocks of natural capital, create structurally higher rates of innovation, and internalize externalities to correct for the overprovision of polluting goods and the underprovision of green goods (Bowen and Fankhauser 2011) Economic Rationale 1
Green policies can maintain and appreciate natural capital stocks, which are valuable inputs to production and welfare. This is grounded in Hotelling's (1931) insights on the value of nonrenewable stocks, which can be applied to all natural resources.
The first of the three notions-the need to preserve natural capital stocks-follows directly from the economics of sustainable development (Solow 1974 , Hartwick 1977 , which in turn is based on Hotelling's seminal work on natural resource management. Solow (1974) and Hartwick (1977) demonstrated that in order to ensure a nondecreasing level of utility over time (i.e., to make sure future generations are no worse off than today's), the rents from natural resource extraction have to be reinvested into other forms of capital so that the overall stock of capital remains constant.
This implies that there are in fact three types of capital that society needs to manage: economic, human, and natural. The three forms are not necessarily perfect substitutes. Some forms of natural capital in particular may be irreplaceable. Society cannot live without nature (Spash 2008) . The nonsubstitutability of some forms of natural capital and irreversibility of particular activities (e.g., reduction of biodiversity and extinction of natural populations) is an important qualification to the sustainability rules of Hartwick (1977) and Solow (1974) . Nature's contribution to human welfare is complex. The economic theory of ecosystem services distinguishes between provisioning services (food, water, and materials), cultural services (spiritual value, recreation, and mental and physical health), regulating services (air quality, water treatment, and carbon sequestration), and support services (genetic diversity and habitats). The full extent of this rich range of services is not always appreciated by policy makers.
Economic Rationale 2
Green policies can create a structurally higher rate of innovation, based on the Schumpeterian (1942) view of the fundamental role of innovation in value creation.
The second rationale for green growth is the dynamic externalities of innovation. Schumpeter (1942) argued that innovation is at the root of long-run growth and the key to economic development. In the absence of innovation, a stationary state could ensue. Schumpeter described the nature of innovation according to cycles of creative destruction, where innovators disturb the existing system and create the conditions for further innovation, learning, and growth as conventional technologies become outmoded.
The Schumpeterian lens is supported by the work of Fouquet and Pearson (2012) on innovation in the transformation of energy into light, and Perez (2002) on technological revolutions more broadly. Looking at lighting technology and consumer behavior over a 200-year period, Fouquet and Pearson (2012) found that the productivity gains associated with improvements in the technology contributed not just to increases in living standards, but also increased demand for energy to cover basic needs, further contributing to growth. Looking at technological revolutions in general since the beginning of the industrial revolution, Perez (2002) shows that boom and bust cycles are an endogenous part of the market capitalist system. Projecting forward, she sees the potential conditions for a Sustainable Global Golden Age with green outcomes providing the overall direction for innovation.
There is evidence that green technologies are inherently more innovative than others and create higher spillovers. Dechezleprêtre, Martin, and Mohnen (2013) show that green patents are cited more commonly and by more prominent patents than brown technologies. Green spillover effects are on a par with those of transformative new innovations such as information technology and nanotechnology. Research further shows that an increase in market size may lead to further innovation and demand externalities, that is, the growth in the green economy of one country can incentivize innovation in other countries (Acemoglu and Linn 2004) .
Economic Rationale 3
Green policies can maximize welfare by pricing negative externalities such as air and carbon pollution, as demonstrated by Pigou (1920) .
The third rationale is related to externalities and market failures, which impose an economic cost in conventional economic models. This rationale goes back to the work of Pigou (1920) , who was an early proponent of internalizing external costs.
Currently, the social value of natural capital and ecosystem services is not accurately or adequately reflected in prices. This means that the market mechanism fails to account for third-party environmental costs and benefits of certain activities creating "externalities." For example, industrial processes can pollute surrounding areas and disrupt the provision of valuable ecosystem services such as freshwater to the local community. This is a negative externality which typically results in the overprovision of goods and services that pollute the environment. Conversely, maintaining public areas such as local parks carry positive externalities in the form of fresh air and recreation. However, such goods are typically underprovided since it is difficult to monetize their benefits.
Environmental externalities are not the only market failures that green growth may overcome. There are also market imperfections related to networks, capital markets, clean innovation, and the provision of information. Behavioral barriers and policy distortions, such as the underpricing of energy and water, hold back the adoption of resource efficiency measures. The International Monetary Fund estimates that the combination of energy subsidies and energy-related externalities (e.g., air pollution) amounts to a global cost of $5.3 trillion, that is, around 6.5% of global GDP (Coady et al. 2015) .
B.
Operationalizing Green Growth
Clearly specified objectives and methods to track progress are required to design and implement effective green growth policy. The objectives of green growth start with economic growth through green industry. Green industry includes energy-efficient modes of production, goods and services for pollution control and abatement, and renewable energy. However, green growth aims to achieve objectives beyond simply growing green industry. Green growth also entails the recognition of ecosystem services, such as adequate access to food and clean water, climate regulation, and recreational benefits, given that these are of social value.
Green growth poses a challenge for conventional indicators of economic performance, such as GDP, which do not provide a good report of performance across green industry, natural capital, and ecosystem services (Green Growth Knowledge Platform 2013) . National accounts data commonly do not include natural capital assets and ecosystem services even though they provide goods and services that are captured in GDP. For example, natural resources such as timber and fossil fuels contribute to GDP through activities in the construction sector, while ecosystem services such as regulating the climate are captured in agricultural output. Since the economic and social value of natural capital and ecosystem services is not measured, efforts to preserve nature such as cleaning up pollution, appear as a net cost rather than a benefit.
International efforts by the Organisation for Economic Co-operation and Development (OECD), the World Bank, and others to measure green growth and the size of the green economy provide a more comprehensive account of progress. The OECD green growth measurement framework aims to develop a common set of metrics to assess green growth that includes natural capital, ecosystem services, and economic transitions (Table 2 ). Progress has also been made in incorporating ecosystem services into economic policy decisions. Programs on wealth accounting and natural capital accounting are emerging, including for example in the Philippines and Indonesia.
1 There are also efforts to establish a global standard for natural capital valuation, such as The Economics of Ecosystems and Biodiversity. While these frameworks are comprehensive, multiple indicators are challenging to track and must be interpreted with caution. Limited geographic coverage of data sets, such as valuing natural capital stocks, make cross-country comparisons difficult. Monetizing benefits from ecosystem services requires the application of methods that rely on subjective reporting such as contingent valuation. In attempting a cross-country comparison, it may therefore be appropriate to focus on a limited set of indicators for which data are available and sufficiently robust.
III. HOW BIG IS THE GREEN ECONOMY IN ASIA TODAY?
This section applies the concept of green growth to Asia. It assesses the size of Asia's "green economy" and compares it with other continents, particularly Europe and Latin America. As discussed earlier, "green growth" has several components. For the purpose of this section, we will specifically concentrate on low-carbon growth and the development of green technologies that help decouple economic output from carbon dioxide (CO 2 ) emissions. While low-carbon growth is a subset of green growth, it is a useful indicator of the size of the overall green economy.
A. Sizing Green Industry
There is some degree of flexibility in defining the green economy. In a low-carbon context, the most stringent definition would claim that an industry is green if production results in zero emissions. A less stringent definition would argue that an industry is green if it produces "acceptable levels" of emissions that meet climate change policy targets.
Early efforts at sizing the green economy often overlooked green activity in nonenvironmental sectors. The OECD (1998) was one such attempt, which focused on a limited set of sectors involved in environmental protection, such as wastewater treatment and air pollution control. Defining environmental sectors in this way omits specialized firms that supply the green economy but sit outside sectors classified as green (OECD 1998) . For example, technologies that improve energy or resource efficiency are not explicitly designed for environmental purposes but can, nevertheless, be included in the measurement of the green industry. Furthermore, dichotomously labeling sectors as "green" or "gray" runs the risk of ignoring green installations within "gray" sectors (Fankhauser et al. 2013) . Research by HSBC (2009) shows that the majority of green revenue does not accrue in explicitly green sectors.
To ensure that green establishments in gray sectors are not overlooked, the United Kingdom Department for Business, Innovation and Skills developed a new sectoral classification in 2011 which defines a set of "environmental sectors" whose activities cut across conventional sectors. For example, "air pollution" is a sector in the Low-Carbon Environmental Goods and Services (LCEGS) data set whose activities cut across agriculture, manufacturing, and services. The use of sales data, rather than value added, allows for more of the green industry to be captured in measurements, since a significant proportion of green activity, such as pollution control, happens in the operational stages. The LCEGS data are sales data on green operations and technologies, rather than just final goods. As such, the LCEGS data set includes both supply and value chain activities (UK Department for Business, Innovation and Skills 2011).
B. Green Industry in Asia Today
We can use data on sales of green technologies and activities to conduct a comparative analysis of the current size of the green industry in Asia. We use LCEGS sales, which is well designed for this purpose due to its global and green activity coverage. We also use trade and patent data on climate change mitigation technologies (CCMT) in section IV. The key conclusions from this analysis, broken by data type, are the following:
(i) Sales. Asia has the largest value of green sales compared with other continents. Within Asia, the PRC has the largest value of green sales per unit of GDP, and is second globally to the United States (US). (ii) Exports. Asia accounts for a higher share of global CCMT exports than Europe and Latin America. Within Asia, the PRC exports more CCMTs than other countries. (iii) Innovation. In 2012, Asia filed more high-value CCMT patents than Europe and Latin America. The Republic of Korea and Japan are Asia's leading innovators according to the European Patent Office data set.
According to the LCEGS data, Asia has the largest value of green sales in absolute terms and per unit of GDP, compared with other continents (see Figure 1 ). Within Asia, the PRC has the largest market share (Figure 2 ). This is to be expected given the dominant size of its economy. Relative to GDP, the Philippines has the highest value of LCEGS sales, followed by India. In both of these countries, LCEGS sales are worth approximately a fifth of GDP, while in the PRC they are a tenth. Globally, the top five countries in terms of absolute value of LCEGS sales are the US, the PRC, Japan, India, Germany, and the United Kingdom, in that order.
Asia accounts for a higher share of global CCMT exports than Europe and Latin America. As Figure 3 shows, Asia already accounts for 44% of global climate change mitigation exports. Within Asia, the PRC accounts for 20% of global CCMT exports ( Figure 3 ). The PRC's strongest exports are efficient lighting and photovoltaics. In 2012, Asia filed more high-value CCMT patents than either Europe or Latin America ( Figure 4 ). As mentioned, the Republic of Korea and Japan are Asia's leading innovators. Japan is the leading innovator in green transport, while the Republic of Korea is the leading innovator in energy storage. Both countries also have relatively high levels of patenting activity in photovoltaics. 
IV. HOW BIG COULD THE GREEN ECONOMY BE IN ASIA TOMORROW?
The fact that Asia's green economy is performing well today does not necessarily mean its place is assured as a global leader in the green race. In this section, we investigate how well placed Asia is to capture value from the future green economy by looking at the level of innovation and degree of trade specialization in key low-carbon technologies.
A. Estimating the Future Green Industry
We estimate the future size of the green economy using a methodology developed in Fankhauser et al. (2013) . Specifically, we calculate for each green sector two indicators associated with green economic potential.
The first indicator is a measure of innovation specialization, labeled the green innovation index (GII). The GII employs patent data to indicate whether a country "specializes" in innovating a technology. If the country has an "innovation specialization," it has promising long-term prospects of becoming a global innovation leader in that technology. This corresponds to opportunities related to capturing value from the design and manufacture of low-carbon technologies, since there are incentives to locate manufacturing close to the area of innovation (e.g., protection of intellectual property) (see Box 1).
The second indicator measures comparative advantage, using a standard Balassa index of revealed comparative advantage (RCA). The Balassa index employs trade data to assess whether economies have a current specialization in low-carbon technologies. On the assumption that comparative advantages develop slowly, sectors with a competitive edge today are likely to be internationally competitive also in the future and able to capture global market share (see Box 2). Box 1: The Green Innovation Index
The green innovation index (GII) is a measure of a country's green innovation performance in a sector. The GII is defined as:
where is the number of green patents and is the total number of patents in sector s and country i. The GII divides a technology's share of patents in a country over that technology's share of patents in the world. Normalizing against broader patenting activity corrects for idiosyncrasies in patenting behavior in particular sectors or countries (Fankhauser et al. 2013) .
Different values of the GII can be interpreted in the following manner, for a given technology:
-GII = 1 implies that the country has no particular advantage or disadvantage over the rest of the world with regard to innovation. The share of patents in the country is equal to the global average. -GII > 1 implies that the country specializes in innovating the technology. The share of patents in the country exceeds the global average. This corresponds to better long-term prospects of capturing value from design. -GII < 1 implies that a country is less well placed compared with the global average in innovating in the technology.
In constructing the index, only high-value patents are considered. We define a high-value patent as one that has been filed in two geographies. The rationale for this is that in certain countries, companies file low-value patents to garner government support since funding may be contingent on patent activity. Since it is costly to file patents, filing in a second territory indicates that the inventor believes that their invention has value and can gain return in more than one market. While this is an imperfect proxy for value, it is one that is commonly used across patent literature (Dechezleprêtre and Martin 2010) .
Patent documents offer an indication of innovative capacity and also may give an indirect indication as to where future manufacturing of these technologies may take place. However, there are some drawbacks. The region of manufacturing depends on a wide range of factors including labor costs, opportunities to exploit economies to scale, and proximity to customers, so the link between patenting location and future manufacturing location may not be strong. Another drawback of patent data is that they do not give an indication of the value of a technology to an economy, so many patents may not necessarily correspond to a large potential value, although we have attempted to mitigate this effect by only considering patents that have been filed in at least two locations. Finally, patent data often ignore incremental or processoriented innovation which occurs across several Asian countries. Notwithstanding these drawbacks, patents do provide some indication of innovative capacity, and the widespread availability of data makes them well suited to cross-country analysis. The index of revealed comparative advantage (RCA) is a measure for the comparative advantage in a sector. The RCA divides a sector's share of exports in a country over that sector's share of exports in the world:
where is the level of exports from sector s in country i.
The RCA has following interpretations interpretation, for a given technology:
-RCA = 1 implies that the country has no particular export advantage or disadvantage over the rest of the world. The share of exports in the country is equal to the global average. -RCA > 1 implies that the country specializes in exporting that technology. This is likely to correspond to better long-term prospects of capturing global market share and value from trade and manufacturing. -RCA < 1 implies that a country is at an export disadvantage as the share of exports in the country is below the global average.
The advantage of looking at RCA is that it adjusts for size of the economy to pinpoint comparative advantage and indicate specialization prospects. The disadvantage is that since opportunity costs cannot be directly inferred, we can at best say that higher RCA is likely to correspond to lower opportunity costs, but this is not a given, since government intervention and other factors can also lead to a high RCA. Placing the green innovation index and Balassa index on the y and x axes of a plane, respectively, provides the basis for a SWOT (strengths, weaknesses, opportunities, and threats) analysis:
(i) The top right corner of such a plane corresponds to better green growth prospects (i.e., strengths); a sector is innovating from a current position of competitive strength. (ii) The bottom left would be the opposite (i.e., weaknesses); a sector exhibits strength in neither innovation nor its current export position. (iii) The top left quadrant corresponds to opportunities; a sector scores well on innovation but poorly on comparative advantage. This is an opportunity because the country can exploit its innovation to spur manufacturing and export in the sector. (iv) The bottom right quadrant corresponds to threats; a sector scores poorly on innovation but well in comparative advantage. This is a threat because it is possible that once the technology paradigm changes, that country's market for that technology becomes outdated, controlling for other factors.
It is important to note that these are only two dimensions of a multidimensional set of green growth indicators. Two important dimensions that are missing are technology adoption (as opposed to innovation) and domestic scale. It may be possible that a country does not innovate in a technology but still becomes a leading manufacturer in it. Often this is because of other factors such as proximity to a large consumer base and cost competitiveness in manufacturing. Countries such as the PRC are a case in point. The PRC, which has historically been an early adopter rather than an innovator and has a large domestic market, is well poised for green growth due to agglomeration benefits and demand externalities associated with large domestic scale. This potential is overlooked in our two-dimensional framework, as we will see.
B.
Asia's Potential in the Green Economy A substantial and thriving green economy already exists in Asia, with Asian companies playing important roles. Global sales of green goods and services amount to $2.9 trillion a year (FTSE 2016) . Developing Asia as a whole accounts for 22% of global high-value CCMT patents and 35% of exports.
Asia has an RCA and innovation specialization in CCMTs. As Figure 5 demonstrates, the PRC, Japan, and the Republic of Korea are key exporters and innovators in CCMTs and account for a large share of Asia's export and high-value patenting activity. This is a strong indicator of the region's potential, as more innovative economies are likely to be better placed to capture markets in new technologies. Although countries such as India, the Philippines, and Viet Nam are not frontier innovators in CCMTs, they often undertake incremental innovation which is not captured by our data. Developing Asian countries have a strong comparative advantage in certain CCMTs, such as photovoltaics, as explained in the country profiles.
Overall, Asia's position as an exporter of CCMTs is stronger than its position as an innovator. Asia is on track to capture value from the design and export of key CCMTs such as energy storage, photovoltaics, and efficient lighting. However, there is room for growth by developing specializations in additional CCMTs, ensuring the green economy transformation is occurring equally across all Asian countries, and further advancing policies to enable this transformation (see section VI for a summary assessment). Breaking down Asia's strengths by technology ( Figure 6 ) suggests that Asia's core strength is in efficient lighting, photovoltaics, and energy storage where it has both an innovation and export specialization. It is also worth mentioning that Asia has consolidated its position as the world's top However, there is a threat associated with being in the bottom right quadrant of Figure 5 . As an exporter and not an innovator, a country is exposed to the risk of market-changing innovations from elsewhere in the world, which can render current production redundant, all other things being equal. To mitigate this threat, a country can either start engaging in frontier innovation or ensure that appropriate technology transfer policies are in place. The risk is lower for technologies that are nearing the end of their innovation chain (see Figure 7 for the PRC's threats).
Key opportunities for Asia include nuclear power, efficient road transport, and smart grids. These technologies are predicted to have large markets by 2050 according to the International Energy Agency's 2-degree scenario. Asia is leading the market transformation in some of these areas, particularly nuclear where the Government of the PRC has put in large sums of investment. Given its disposition for manufacturing, Asia could leverage its position as an innovator to engage in exporting greater quantities of these technologies.
Asia is weaker in wind and hydro than Europe, but our data do not show domestic scale, where Asia's wind sector is large. As explained in the country profiles, the PRC's wind sector has experienced phenomenal growth, and India has a strong RCA and has engaged in process innovation.
There appear to be potential rivalries between Asian countries for future market share. For example, Japan and the Republic of Korea are likely to compete to gain global market share in smart grids, while the PRC is likely to compete with Japan in nuclear energy due to its high levels of innovation and ambitions to export its nuclear technology. does not have a specialization, it can either seek to develop it, if prudent, or, in the case of limited resources and capacity, ensure that trade and technology transfer help facilitate the adoption and diffusion of technologies. There are immense gains from technology transfer, knowledge sharing, and trade not only globally but also within the region.
1.
People's Republic of China Economic growth has severely compromised the quality of the environment in the PRC. The country's air, soil, and water quality have degraded to alarming levels in recent years. In 2014, the Ministry of Environmental Protection announced that 44% of the PRC's groundwater was deemed to be of poor quality, 20% of farmland was contaminated, and that only three out of 74 monitored cities met official air quality standards in 2013. Underpinning these trends is the fact in 2006 the PRC became the world's largest CO 2 emitter (Ho and Wang 2014).
The PRC government has made substantial efforts to control pollution. Officials have committed to peak emissions by 2030. In the 12th Five-Year Plan, the government pledged to spend $275 billion over the next 5 years to clean up the air and $333 billion for water pollution. According to the plan, three out of the seven strategic industries for investment are green: alternative energy, alternative fuel cars, and energy saving (Jacobs 2012) . The PRC's success is particularly visible in renewables. It has achieved the world's largest wind power capacity, has plans to triple solar power, and multiply nuclear capacity sixfold by 2020 (Ho and Wang 2014). Officials have committed to ensuring renewables account for 20% of the energy mix by 2030 and aim to reduce carbon intensity by 17% (Albert and Xu 2016).
The PRC is a leading exporter in CCMTs. As Figure 7 shows, the PRC accounts for a fifth of global CCMT exports and this extends beyond its share of total global exports, which is 13%. The analysis of the PRC's GII and RCA scores (Figure 8 ) suggests that it is an exporter more than it is an innovator of CCMTs. The PRC is an early adopter of CCMTs and engages in high levels of manufacturing and export. In the PRC's case, it is especially important to note that the GII and RCA are only two dimensions of a multidimensional green economy. Again, an important third dimension is the domestic scale which is not represented in this analysis. There are agglomeration benefits associated with domestic scale that are likely to be significant in the PRC. However, unlike developed Asian countries such as Japan and the Republic of Korea, the PRC is not yet a frontier innovator in CCMTs. The PRC's main strength is in efficient lighting where it has both an innovation and export specialization.
An opportunity is nuclear power, where the PRC can potentially overtake Japan. The PRC has high levels of innovation in nuclear technology but still needs to consolidate its export position. Nuclear is one of the most difficult technologies in which to compete given its complexity and high up-front costs. Given the PRC's size, government support, and access to capital, it could be well placed to lead in this area.
Overall, the GII and RCA statistics suggest that innovative capacity will not be an immediate driver of future success in the green economy. If the PRC is successful in the green economy, this may rely more on the benefits of returns to scale rather than innovation. On some technologies, such as wind, these data may not give a clear picture of true success, given that wind is deployed widely domestically, where the PRC is the largest market globally. To safeguard its market against transformative innovations from elsewhere in the world, the PRC has to stay on top of recent technological developments, start engaging in technology rather than process innovation, and ensure appropriate technology transfer policies are in place.
Philippines
As a highly vulnerable country to climate change and climate-related disasters, the Government of the Philippines has acknowledged the importance of tackling climate change. The Philippines excels in a number of low-carbon metrics. According to BIS 2015 data, the Philippines has the highest level of LCEGS sales as a percentage of GDP in Asia. OECD data show that it also excels in CO 2 productivity since it has the highest GDP per unit of energy-related CO 2 emissions in Asia (Figure 9 ). The Philippines also scores well on energy productivity, where it comes in second place after Viet Nam. This is likely due to the fact that the Philippines generates 52% of its energy from renewable energy, that is, primarily geothermal and hydropower (Nachmany et al. 2015 ). Overall, the Philippines enjoys a comparative advantage in a few CCMTs. According to our analysis, the Philippines has a comparative advantage in efficient lighting, photovoltaics, and energy storage. All of these technologies enjoy a share in the country's exports which is up to 5 times higher than their average share in global exports.
Where the Philippines has room for improvement is in innovation. Data from the European Patent Office reveal that the country engages in almost zero high-value patenting activity in the area of climate change mitigation. Overall, the analysis demonstrates that the Philippines has potential to capture value from export in the green economy but not design. It will be relatively dependent on international trade and assistance to obtain the latest CCMTs.
In terms of policies, maintaining forest cover is a key priority in the Philippines. The Philippines has been proactive in maintaining existing forest and restoring lost carbon sinks from degraded or cleared forest (Asian Development Bank Institute 2012). Additionally, the Philippines is among the eight core implementing countries of the Wealth Accounting and Valuation of Ecosystem Services partnership by the World Bank. Ecosystem accounting is taking place in Laguna Lake Basin and Southern Palawan. While the country does not innovate in CCMTs, it appears to be engaging in other aspects of green growth such as the protection of natural capital. 
Viet Nam
Viet Nam is one of the fastest-growing economies in Southeast Asia with energy demand expected to triple in the next 10 years. Viet Nam's current growth trajectory and National Master Plan for Power Development for 2011-2020 include plans for large increases in carbon-intensive coal-fired power plants.
Lying in the tropical cyclone belt, Viet Nam is vulnerable to extreme weather events. The government has acknowledged this and made adaptation a key priority. There is a lower emphasis on mitigation although policy documents exist.
The data show that Viet Nam has almost no high-value patents in CCMTs. However, it enjoys a comparative advantage in wind, energy storage, and biofuels. This, in part, reflects government efforts to encourage the development of wind and biofuels (Nachmany et al. 2015) . Currently, Viet Nam is not well placed to capture value from the green economy.
The country has the highest share of renewables in energy generation in our sample ( Figure 10 ). However, this is mainly due to its large hydropower potential, which is often developed in forested areas causing deforestation. As such, its sustainability is unclear. Viet Nam's National Green Growth Strategy (2012) sets out objectives toward a green economy, energy efficiency, GHG reduction, and improvement of living standards (Nachmany et al. 2015) . Initiatives include green city planning. Cities such as Ho Chi Minh are planned as compact communities so that less energy is required in transportation. However, lack of access to finance is a key barrier in energy development (Asian Development Bank Institute 2012). The strategy also includes changes to the fuel structure in industry and transport and an increase in the proportion of new and renewable energy sources. However, it is unclear whether the objectives in the document are in line with the National Master Plan for Power Development. It seems that increase in coal may take precedence. 
Indonesia
Indonesia is one of the largest GHG emitters in the world, in absolute terms, due to high levels of deforestation. Approximately 80% of GHG emissions result from deforestation and degradation. Moreover, 95% of Indonesia's energy supply is made up of fossil fuels. Government efforts have been made to tackle climate change but fall short of what is needed. Key initiatives are embodied in decrees and regulations passed by ministries rather than parliamentarians, which means that they are less effective given the hierarchy of Indonesian legislation (Nachmany et al. 2015) .
Our analysis reveals a relatively weak position in the green economy. Indonesia enjoys neither any strong comparative advantages nor an innovation specialization in any CCMT. European Patent Office data show next to no patenting activity, and Indonesia accounts for only 0.5% of global CCMT exports. With low innovation and export activity, Indonesia is poorly placed to capture value from the green economy. However, the country's natural endowments and capacity for geothermal development suggest that there is a latent potential, which needs to be harnessed through effective policy.
The country's dependence on fossil fuels is exacerbated by its electricity subsidy system, which results in an implicit negative carbon price for coal (OECD 2014) . Electricity subsidies amount to around 8% of total government expenditure (OECD 2015) . While efforts have been made to phase out fossil fuel subsidies, much more remains to be done. Indonesia has 40% of the world's total geothermal energy reserves. However, geothermal energy remains largely underdeveloped and renewables account for a mere 5% of the country's energy mix.
Top priorities for Indonesia include setting prices right to correct market distortions and putting in place enabling policies to tap into its vast geothermal reserves in order to develop a CCMT specialization.
India
India is one of the world's largest GHG emitters with a strong expected growth in emissions. However, in recent years, due to pressures including dangerously high levels of air pollution and a shift in government thinking, India has become increasingly open to the idea of unilateral action against climate change. Given its large dependence on rain-fed agriculture, India is also highly exposed to the risks of climate change.
In 2008, India released its National Action Plan on Climate Change with eight missions that target solar power development, energy efficiency, reforestation, and skills development. Targets within the plan include 2 gigawatts of off-grid solar plants and 20 million solar lighting systems. The government plans to develop 60 cities as solar cities during the 11th Five-Year Plan period and include more in the 12th plan. India's solar auctions have also achieved among the world's lowest bids at 6 cents per kilowatt-hour.
European Patent Office data for India were not sufficiently robust, so we did not attempt to calculate the GII. However, according to OECD data, India has been increasing its share of green innovation ( Figure 11 ) and has developed a relative advantage in environment-related technologies. The OECD monitors this through a metric called revealed technology advantage, which takes a country's share of patents in a particular technology and divides that by the country's share in all patent fields. This is similar to the GII in that a ratio greater than 1 reveals an innovation specialization. In 2012, India had a revealed technology advantage of 1.27 in environment-related technologies. It should also be noted that patent data may not capture the full extent of CCMT innovation in India. India is known to undertake incremental innovation that adapts technologies to the local context and develops new products that are suitable for the poor. A large part of this trend is "frugal innovation" whereby Indians reverse-engineer technologies to keep the essentials and reduce costs. This often makes technologies more environment friendly by cutting excess. An example is low-cost refrigerators that do not have a freezer or solar-powered automatic teller machines.
Our analysis shows that India has a comparative advantage in wind and smart grid technologies. In the area of wind, India undertakes process innovation by adapting European turbines to the Indian context, where wind speeds are lower. India may also be on track to developing its solar potential due to strong government support, natural solar endowments, and high levels of competition in the space.
Despite the progress, India still lags behind comparator nations such as the PRC and its position on CCMT exports is weak. Unlike the PRC, India does not have a big base of CCMT manufacturing to build on, and this is in part because India's policy shift toward green growth came later. Indian policy makers also have to take a critical decision on coal and decide how to phase out dependence on dirty energy without compromising on other social development objectives. Overall, there are signs of progress on both the innovation and export front, but the larger abatement story hinges on choices related to the role of coal in electricity generation.
6.
Republic of Korea
The Republic of Korea was one of the first countries in Asia to announce a green growth plan. The country's natural asset base was under consistent strain with depleting water resources and forest cover. However, the Government of the Republic of Korea committed to address this threat through its National Strategy for Green Growth (2009 Growth ( -2050 wherein it stated that green growth is a strategic priority (Ministry of Government Legislation 2010). Consequently, research and development (R&D) expenditure related to green growth and share of green overseas development assistance grew rapidly. The Republic of Korea has a strong RCA and GII in several technologies, demonstrating that the country has directed its efforts strategically. Our analysis shows that it is well placed to take advantage of the future green economy across nuclear, photovoltaics, lighting, and storage. The Republic of Korea is particularly competitive in energy storage and is poised to have one of the world's largest energy storage systems. Both the Republic of Korea and Japan have strong innovation for smart meters, but are yet to develop their export markets, suggesting that they may be future competitors in this technology.
Compared to other countries, the data suggest that the Republic of Korea may have a coordinated focus on innovating products where it has an existing export advantage (or vice versa), thus playing to its strengths. Other Asian countries could learn lessons from the Republic of Korea's ongoing green economy transition.
Japan
Japan has made substantial headway toward decoupling growth from emissions. During 2002-2007, emissions from traditional air pollutants such as sulfur oxides and nitrogen oxides fell despite a growing economy, indicating that Japan had embarked upon the path of decoupling emissions from GDP growth. Similarly, Japan's energy intensity as measured by energy supply per unit of GDP has been in steady decline (Capozza 2011 ).
Japan's 2009 growth strategy placed a strong emphasis on innovation and green growth. Key priorities were renewable energy, green innovation, and zero emission residential and commercial buildings (Capozza 2011 ). Japan's overarching green economy objective for 2020 is to generate market value of over ¥50 trillion and 1.4 million jobs in environment-related sectors. It also aims to reduce global GHG emissions by promoting Japanese technology worldwide. Japan files the highest number of high-value CCMT patents in Asia, with a focus on transport (Figures 13 and 14) . This is unsurprising given that Japan is already a leading car manufacturer (alongside the US and Western Europe) and since Toyota has a large line of hybrid vehicles. In addition to transport, there are high levels of innovation in energy storage and buildings. Based on an assessment of Japan's GII and RCA across CCMTs, the country appears well poised to capture future value from green transport. Japan's share of transport exports is 7 times higher than the world average share, indicating a strong and highly entrenched comparative advantage (Figure 15 ). Japan also has the opportunity to develop its smart grid sector by focusing on capturing global market share through exports and building manufacturing capacity. However, as mentioned earlier, it faces competition from the Republic of Korea and must move quickly. Japan's nuclear technology is at risk of being overtaken by that of the PRC due to Japan's relatively low levels of innovation and the effects of the Fukushima incident on public opinion for nuclear. Overall, while Japan is in a strong position for green growth and has consolidated its position in green transport, it must still ensure that aging industries are well prepared for competition from developing Asia. 
V. POLICIES FOR PURSUING GREEN GROWTH
This section discusses the policies Asian countries may need to consolidate their position in the green economy and take advantage of future opportunities. We review policies that refer specifically to the creation of green comparative advantage and innovation specialization, as well as the wider set of measures needed to ensure Asia's overall transition to a green, low-carbon economy.
Although our framework focuses on two dimensions of the green economy transformation, it can help inform decisions on innovation and industrial policy. All countries should not necessarily attempt to maximize their GII and RCA scores, that is, every country need not be a top innovator and exporter in all technologies. What is more important is that countries have a strategic approach toward which technologies to support. Countries should be careful to not underinnovate in a technology where they have an existing comparative advantage and which may serve as a critical part of their green growth agenda.
Selecting which technologies to develop an innovation and trade specialization in is difficult but may be informed by the following two considerations:
(i) Where does a country have an existing innovation or export advantage? (ii) Which technologies carry immense spillover benefits to its economy?
Our charts can help answer the first point. To answer the second point, countries must carefully consider the structure of their economies and the connections between different industries. Governments could support industries that have strong backward and forward linkages with other markets so as to enable a wider green economy transformation.
2 Hidalgo et al. (2007) argue that an activity such as supporting electric vehicles can have a host of spillover benefits and can create a green transport ecosystem since electric engines can be used in other modes of transport, batteries have wider applications, and charging stations help create the necessary infrastructure.
For these selected sectors, an economy may wish to develop an innovation specialization (i.e., move up the y-axis) and a trade specialization (i.e., move across the x-axis). In a setup with no intervention, market forces would determine the position of economies on both the x and y axes. However, given market failures as set out in section I, innovation is underprovided and governments are often heavily involved in the delivery of R&D. Similarly, for exports, some economies may wish to promote export activity in CCMTs that have large positive externalities and help mitigate global CO 2 emissions. In other words, governments can strategically choose innovation and industrial policy across key CCMTs to help mitigate climate change and internalize externalities.
Instruments to Develop a Specialization in CCCMTs and Achieve Growth
Due to market failures that include limited access to finance, distorted prices, information asymmetries, and coordination failures, some Asian economies have found it difficult to harness their potential in CCMTs. According to the World Bank (2012), "many developing countries have natural endowments that create a potential comparative advantage in green activities" but have been unable to capitalize on the benefits. To allow low-carbon growth to take off, policy makers will have to tackle a range of market imperfections, policy failures, and behavioral challenges.
The low-carbon economy in Asia needs enabling conditions to facilitate greater private sector involvement. Research shows that higher levels of competition can result in an incremental increase in the profits from innovation (Aghion et al. 2005) , thereby incentivizing more innovation.
3 Until the 1990s, CCMT innovation was mostly driven by energy prices, but, since then, environmental policies have accelerated its pace . The government therefore has a role to play in supporting low-carbon markets by putting in place enabling policies.
Crucially, it is up to domestic policy to help develop CCMT specializations locally. While international policies are important, their marginal effect on local innovation improvements can be up to 12 times lower than the effect of domestic policies ).
Methods to correct market failure include innovation and industrial policy. As the World Bank (2011) reiterates, "while the idea of developing green industries is appealing, it has little chance of succeeding unless structural problems such as regulatory obstacles to the creation of small enterprises and the lack of skilled workers are addressed."' In this section, we examine price and nonprice mechanisms to correct for market failure.
Price Mechanisms
Chief among the market imperfections that prohibit growth is the climate change externality, that is, the inaccurate pricing of GHG emissions. Such externalities can be internalized by setting appropriate prices through taxation or subsidy schemes. When done correctly, empirical evidence shows that this method provides the optimal solution. Carbon pricing has incentivized emission reductions with very limited effects, so far, on competitiveness. Moreover, evidence from the auto industry shows that "firms tend to innovate relatively more in clean technologies when they face higher tax-inclusive fuel prices" (Aghion et al. 2012) . Therefore, carbon taxation also helps spur green innovation, which carries significant spillover benefits in the form of facilitating a green economy transformation.
Perhaps the most egregious policy distortion is the continued subsidization of fossil fuels and the underpricing of energy (Coady et al. 2015) . As a first and necessary step, countries such as Indonesia should remove subsidies that support dirty energy and distort the market toward carbonintensive production processes. Thereafter, governments can explore mechanisms to support clean technologies such as subsidies for renewables or electric vehicles.
Nonprice Mechanisms
However, prices are difficult to pin down accurately and are not always sufficient for delivering innovation and investment in long-lived investments without complementary, nonmarket measures. Nonprice mechanisms need to focus on three aspects: (i) regulation, (ii) skills, and (iii) financing.
In terms of regulation, policies to encourage technology transfer are important especially in light of the fact that not every country will become a frontier innovator in CCMTs. Research shows that lax intellectual property (IP) regimes have a strong negative impact on the international diffusion of patented knowledge . A policy objective may be to negotiate technology transfer arrangements such that IP holders feel comfortable sending their technologies to developing nations in Asia. A combination of international negotiation and adjustment of national IP regimes should be considered to ensure that appropriate levels of technology diffusion.
Government support for R&D toward green innovation may also be needed in the initial stages of CCMT development. Low-carbon innovations generate technological improvements in a wide range of sectors, similar to the way that information technology innovations benefit sectors other than computing. This can help to offset the costs of climate change mitigation and generate economic growth. Regulation such as efficiency standards, planning rules, and building codes can also help spur green innovation.
The government may also need to intervene to address coordination failures and play its role as a market maker or provider of critical infrastructure. For example, the development of renewables technologies may rely on the rollout of transmission lines or a supply chain to provide parts. Government intervention may be justified here to ensure sufficient and coordinated provision of goods to enable innovation.
In terms of skills, countries need to focus on the direction of their green growth and ensure that they have a sufficiently skilled base resources to draw from. Countries such as India can leverage their base of skilled software professionals to further develop and consolidate their comparative advantage in smart grid technology. Other countries, such as Indonesia, that currently do not have a comparative advantage in any CCMT can strategically pick an area for development, such as geothermal energy, and ensure that their education system has courses to train people in areas associated with this technology's development. A two-step process would be to define a green growth strategy and pick areas for development and then put in place measures to ensure that the appropriate skills and training programs are in place.
Finally, policies to remove financial barriers are essential for the takeoff of growth. Examples of effective policies include innovation funds. Competition for funds can provide a pull mechanism for R&D in early-stage technologies. Other measures include payment-by-results schemes or green bonds.
An essential part of the overall policy mix is strategies to ease the cost of transition, by supporting labor mobility and creating the industrial champions of the new green economy. Structural economic change will, by its very nature, involve disruption. One key concern is structural rigidities in the labor market, both in terms of labor mobility and wages, which could lead to short-term unemployment (Bowen and Kuralbayeva 2015) . There are also rigidities in the capital stock. Carbonintensive capital is often long-lived and assets might get stranded unless investment decisions are sufficiently forward looking. Finally, there is inertia associated with innovation, which appears to be heavily path dependent (Aghion et al. 2014) . For these reasons, phased approaches and methods to ease the cost of transition will be important to avoid political backlash.
VI. CONCLUSIONS
Our analysis has shown that, as a whole, Asia is on track to capture value from the design and export of key CCMTs such as energy storage, photovoltaics, and efficient lighting. However, there is room for growth by developing specializations in additional CCMTs, ensuring the green economy transformation is occurring equally across all Asian countries, and further advancing policies to enable this transformation (Figure 16 ).
It is important to emphasize that our analysis focuses on frontier innovation and export specialization, which are just two dimensions of a multidimensional green economy transformation. Nevertheless, they are important dimensions in light of the value that accrues from IP rights and export activity, and because of the transformative nature of frontier innovation.
While some Asian countries have achieved impressive scale in the deployment of climate change mitigation technologies (the PRC), others are frontier innovators (the Republic of Korea and Japan). Much of developing Asia (India, the PRC, Viet Nam, and the Philippines), while not currently engaged in high levels of frontier innovation, has an RCA in key low-carbon technologies. For example, India has a comparative advantage in smart grids and wind, while the Philippines has it in efficient lighting and photovoltaics. Most notably, the PRC has among the highest shares of photovoltaics in its export basket and has a high comparative advantage in several climate change mitigation technologies. Several of these countries also engage in incremental or process innovation which is not captured in our data. For example, India has adapted European wind turbines to account for lower wind speeds, and the PRC has innovated to bring down the cost of photovoltaics manufacture. Other countries, such as Indonesia, have developed neither an innovation nor export specialization in climate change mitigation technologies, and have room for improvement. It is not necessarily the case that all countries should attempt to maximize their levels of innovation and export in all technologies. What is important is that countries have a strategic approach on which technologies and sectors to pursue, and are not underinnovating in a technology in which they inherently have a competitive advantage and/or which carries immense spillover benefits for the economy.
While Asia has the largest value of green sales relative to other continents, its regional disparities are stark. Within Asia, the PRC has the largest value of green sales and is second globally only to the US. Other developing Asian countries, such as India, Indonesia, Viet Nam, and the Philippines, have much smaller economies. Such countries' green patenting activity is nascent and cannot compare to that of Asia's top innovators, Japan and the Republic of Korea.
However, Asia has much to gain from further regional integration. Developing Asian countries need not only rely on Europe and North America for CCMT trade, information sharing, and technology transfer. Within Asia trade and integration can help diffuse CCMT technologies throughout the continent to the benefit of both top innovators and developing countries. Research has shown that trade with developing countries contributes positively to the green economy transformation. By increasing within Asia trade of CCMTs, Japan and the Republic of Korea can create wider markets for their technology and access the rich natural resources and human capital that developing countries have to offer. In return, developing countries can learn from top innovators in order to develop their own local industries. As with all other goods, the benefits of trade and regional integration apply to the economy.
An aspect that was omitted from this study and could warrant further development is the role of domestic market size and agglomeration in the future potential of the green industry. The authors leave that for future research. 
